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1. The following indications appeared on record concerning: 

X the applicant | | the inventor [ | the agent | | the common representative 


Name and Address 

TEXTRON SYSTEMS CORPORATION 
201 Lowell Street 
Wilmington, MA 01887 
United States of America 


State of Nationality 
US 


State of Residence 
US 


Telephone No. 

508 657 2610 


Facsimile No. 


Teleprinter No. 


2. The International Bureau her(;by notifies the applicant that the following change has been recorded concerning; 
1 1 the person | | the name | | The address | | the nationality | | the residence 


Name and Address 

TEXTRON SYSTEMS CORPORATION 
201 Lowell Street 

Wilmington, MA 01887 
United States of America 


State of Nat onality 

US 


State of Residence 

US 


Telephone PJo. 

978 657 11 68 
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3. Further observations, if necessary: 

Please note applicant's new telephone number, as per Box 2 above. 
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CARBON-CARBON COMPOSITE MATERIAL 
MADE FROM DENSIFIED CARBON FOAM 

This patent application ciairr^s priority upon U S provisional patent 

^ application 50/034,821 filed Decerr.ber 19, 19S6 

The present invention relates to the manufacture of a friction rr,ateria! by 
oroviding an open-celled foam preform and densifying the preform witn 
carbonaceous material, and relates in particular to the manufacture of a fnction 
material for aircraft brakes. 

10 Carbon-carbon composites are widely used for aircraft brake friction 

materials. Carbon-carbon is attractive because it is lightweight and can 
operate at very high temperatures, and because it can, pound for pound, 
absorb a great deal of aircraft energy and convert it to heat, A major 
drawback with the use of carbon-carbon for this application is the high cost 

15 of raw material used to make the parts. Expensive carbon fiber is a 

significant component; sometimes up to 45% fiber is used in the composite. 
Fiber costs can often be the single largest contributor to the cost of making 
a friction material. Another drawback is that manufacture of carbonncarbon 
is a time-consuming process. The overall process for making a carbon 

20 brake disk is measured in weeks, and even months. Long cycle times are 
undesirable in a modern manufacturing environment. It is highly desirable 
to provide a process that has a reduced cost and shortened cycle time for 
making a carbon-carbon composite. 

The inventions disclosed herein address those major drawbacKs of 

25 manufacturing carbon-carbon composites: cost and cycle time. As pointed 
out by Hager and Lake ("Novel Hybrid Composites Based on CarDon 
Foams\ Mat. Res. Soc. Symp. Proc , Vol. 270, (1992), pp. 29-33), it is 
possible to create a reticulated carbon foam structure from mesophase 
pitch. This structure would have substantial fiber-tike properties. The foam 

a ream preterm, insteaa cr 'Carcon tioer, me icwer cost tiDer precurscr z^:\ 
be used, and the preform can be made in a single foaming step, instead cf 
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reeciling a oreform, or rr^aKing ^loer precregs wnicn are ccmcacted by 

rr^oiaing. 

Tr-e use of foam preforms for :ne rr^ianufaoture of fr;ct!on materia) ts 
:: 5o:o5e.:: oy Tsang et a!, ,n US Patent 4 537.323. However, it is 
aoivantageous to: 1) use tyDicaliy a graohitizaoie carbon ^cam from a 
mesoohase pitcn^ ratner inan a glassy carbon foam, 2) fili the void spaces 
witn a carbonaceous material, rather tnan a polymeric material or a slurry, 
and 3) provide foams with a pore size less than 500um to facilitate 
subsequent densification. 

Carbon foams made from mesophase pitch have been disclosed m 
Mehta et al., "Graphitic Carbon Foams: Processing and Charactenzation", 
American Carbon Society , 21st Biennial Conference on Carbon, Buffalo, 
NY, June 13-18, 1 993. These foams were not densified because the foams 
were to be used for lighbvveight structural applications that did not require 

15 densification. 

Also, foams of carbonaceous materia) have been knovm and methods c' 
oreparing them have been disclosed for absorption or filtration media and supoor.s 
for catalysts, etc., and is generally made from polymeric precursors (thermosets 
and thermopSastics) which usually produce amorphous or non-crystalline caroons. 

20 The present invention compnses the use of precursors that can produce 

carbon foam preforms which result a reticulated structure having struts with ficer- 
iike properties. The struts can be either crystalline, anisotropic, graphitizabie 
carbons so that high strength and modulus, as found in cument pitch-based ficers, 
can be reproduced wfthin the strut regions (as defined below) of the carbcnacecus 

25 foam, or isotropic nongraphitizable carbon, The solid strut regions within the foam 
could be tens to thousands of microns in length and have a diameter cf tens cf 
m*icrons in width, leaving interconnected voids of tens to hundreds of microns in 
diameter so that high final bulk densities can be obtained after CVD or liquid onase 
densification. The tnin characteristics of the strut regions within the foam will aiicw 

30 the crystallites within the mesophase precursor carbon to become preferrentially 
oriented along the axis of the strut mimicking the micrcstructures of carbon rbers 
The bulk foam material can be controlled to provide either bulk isotropic or buik 
anisotropic properties. Precursors include mesophase pitch, polyacrylonttrite 
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, PAN^) arc poiyvinylcnionde {"PWC") as wel! as scr^e '■esirs s-.cn as c^ercz 

z^^'^z c^, "C', s:s and res'^lt ;n a career c^. s:a/;^e c^aer Currently 

:'^e5cc'^ase n teres are availar'e that a.rea-. ^a.e . c^- c^stai ccrer^es a:-.: 
c^e^aea^'Cea! ore cursor for fcan^s Tre te^^i 'res.n" r^ay ee ecnsice^eve :c 
enee.T.oass Citcn wren eitrer r:tcn cr res-r is '-_sec: as a erecLrscr fer 
carDcnaceo'js materials. It is desired to orocuce fcan^iS witn controllaoie pore 
structure whicn is interconnected (reticulated) so that :t can De dens;f)ed by eitner 
cnem.-oal vaoor deposition (XVD"), liquid phase aensi^^cation processes such as 
io Hot isostatic Pressing ("HIP"), Pressunzed Impregnation Carbonization ('PIC^;;, 
Vacuum Pressure Infiltration ('VPI"), pitch or resin injection, or combinations of 
these densification processes. 

The objectives of the disclosed inventions include: 

(1 ) Production of a graphitizable reticulated foam preform in which the 
15 •'Strut" structure mimics the properties of caroon fioers (to produce a direct 

substitute for caroon fiber preforms). Fiber-like properties are obtained within the 
strut members by use of a liquid crystal precursor (such as mesophase pitch) and 
strain action (both longitudinal and shear) occurring during the 'Oamtng process 
(alignment of the liquid crystals along the struts created during foaming and 
20 enhanced during subsequent heat treatment processingV 

(2) Production of a non-graphitizabie, reticulated foam preform structure 
and subsequently deposit graphitizable material around the strut members so as to 
m!^;c the c^ocerties of a fiber The graphitizacie material may be deposited b>' 
CVD or .vetting of tne strut surfaces by a i;cu,a cr/stai material 

2- _ ( 3 ; Production cf a foam preform with a reticulated structure capable of 
ceing further aensified by the conventional processes discussed above. The 
pcrcsity created by the reticulated structure allows the diffusion cf gases or the 
r\-^-js:Gr. of i-cuids mto the interior of the structure. 



ce^s/ ea a t" c^"::cn c^ a carcc":.zab;e "^ater a' z" zTe- '\/.e^s :c entrance 
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tnerrr.ai rranacemer^t catena!, or structural ^.axer\a\ T^e zorroirec 7C:"~.ccS'^e 
s-^Gu d cossess tre structural t^e^rral anci/cr tribcicc-cai crGcert;es ^ecuirec 
v-!Ct:cn T^ateriaiS. tne^rral rrianaqerrent ,^ater;ai3. anc st.^-^cturai .nnater gis 
ccci caticns 

Tl^.e Cisciosed inventions provide aovantages over or^cr .n^^et-^ocs of ^^a-^ ■ 
carbcn-c^roon ccrr^pcsite friction rPiatenals' 

(1 ) Mesopnase pitch as wei! as ctner selected tne^nncDlastic 
precursors produce nign quality cnystailine graphitizable carbons. In 
additon, the strut regions of the carbon foam provide a continuous network 
10 of fibrous reinforcement, as compared with discontinuous reinforcemient 

found in fiber reinforced composites. Therefore, foam preforms should lead 
to improved thermal transport. Thermal transport ^s an imocrtant 
consideration in aircraft brake heat sinks and in thermal management 
materials. 

15 (2) The foam preform approach is expected to be inherently less 

costly than the use of carbon fibers in carbon-carbon composites because 
less processing is needed. 

(3) Near net shape forming of the final part may be possible with 
foams because they can be readily molded or extruded. 
20 (4) The foam preform bulk properties are expected to be controllable 

and homogeneously isotropic or anisotropic. In addition, it is expected 
material property anisotropy may be controlled using processing variables 
or post foaming processes, 

The cresent disclosure provides solutions to the above by comprising 
25 a process of manufacturing a carbon-carbon composite material, comprising 
tp.9 steps of providing an open-celled carbon foam preform, and densifying 
tne preform with carbonaceous m.aterial to provide the carbon-carbon 
composite material. 

Figure 1 is a phctograoh of a polished cross-section of a solidified Ditch 
30 after heat treatment to a partial mesophase state; 

Figure 2 is a schem.atic 'iiustration of the alignment of mesoohase cn/sta 
during extrusion through a die; 
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F.gL-^e 613 a g^aar ;liL.3:r3:,ng :ne ^yootresized visccsity/temceratu^e 
^elationsnip for foaming; 

F;gLre 7 is a graoh iTustratipg tne cfference in weight gain ucon zxicavc^ 
when pores of a foam are open. 
10 Figure 8 is a schematic [llustraticn of a system for stabilizing a pitch ^cam: 

Figures 9-12 are graphs illustrating pressure and temperature cycles for 
stabilizing a pitch foam; 

Figure 1 3 is a schematic illustration of a vacuum/pressure chamber for 
enhancing oxygen flow during stabilization of a pitch foam; 
15 Figure 14 is a graph of pressure and time and part weight gain resulting 

from ennanced oxygen flow during stabilization; 

Figure 15 is a graph illustrating tne weight gain erected by the cressu^^e 
chamber device of Figure 13 and an air circulating oven; 

Figure 16 is a schematic illustration of a continuous flow device for 
20 enhancing oxygen flow during stabilization of a pitch foam; 

Figure 17 is a graph illustrating weight gam from tne enhanced cxygen flow 
of the cevice of Figure 16: 

Figure 18 ;s a graph illustrating tne pressure/temcerature cyce 'jr ^^3'<^^': ; 
Ditcn team preform in accordance with tne cresent invention: 
"-"^ F'^ure 19 ;S a grapn c^' tne increase in aens.ty as the mater:a. :re zrese'^ 

invention :s densified; 

F: gure 20 is a graph illustrating tne brake effectiveness of friction cce^'z er 
of a fr.ction m.aterial of the present invention; and 



c rar^e ac::: car or. 5 nc:'^ce '.'^.e cress^^r.zaticn a^^o succen "e:e3se cf c^ess^^e 3'^ : 



■ "^^zz''-"^~zz:z:C .z zs cr cpen.ras, oo^:^?i:aD;e m s ze, cf *ens :3 r!^nore:s o: 
'CiC^ons n c.arT-iete^ 2^0 ror scr-e SL.cn acciications rc;c;"cns m z :j"~:e:e" 

Tc-c ':a-ec '-^atena' c t-:ermcC:3s:;c s ciace tne-mose: cy 3L.C:ec:ipg ,t :o 
cvcat ^e s:at:ii.::aticc wnicn essent:a:iv c^aKas it ncn:us!c;e ana 'ess vc.atiie 
tnereoy n^.aintainmg the ream structure vyitnout coilapse curing suDsequeni 
•carbonization, neat treat and censifi'cation processes, For sorrte high terriperatcre 
tner.Ticplastics stabilization can oe recjced or eimninaied completely. For 
mermoolastic materials, staoitization of the foam preform is performed in air at 
temperatures between 150 and 300 ^C. The stabilized foam is then carDomzed cy 
slow heating to 900-1600 °C to produce tne carbonized prefomn. Following 
carDonization, an optional graphitization or heat treatment process may be 
performed to generate additional porosity amenable to subsequent densificaticn 
and/or modify the strut properties. The preform ts then densified by CVD, HIP, 
PIC, VPI, pitch or resin injection, or comibmations thereof, and intermeciateiy cr 
^^:naily graphitized to convert the densified matrix carbon to a graphite form. 
The process m.ay be generally described by the following steps: 

• Precursor Thermoset (potentially graphitizabie) or thermoplastic (typically 
graphitizable) 

• Foaming: Supersaturation with gas or chemical blowing agents 

• Stabilization: Oxygen stabilization for foams produced from thermoplastics 

• Carbonization: Conversion to carbon at 900-1800 °C 

• Optional Heat Treatment: Graphitization at 1600-2800^C of the foam to mcdify 
start properties and/or bulk porosity of previously densffied preforms 

• Densification- Multiple CVD; PIC: HIP: VPi, pitch or resin injection, 
combinations thereof (with optional addition of friction modifiers) 

• Heat Treatment: Graphitization cf the composite to modify properties at 1500- 

2SQ0^C 

Making Foam Preforms 

A material suitable for foam.ing is Mitsubishi AR pitch. This is a 
synthetic napthalene derived pitch which is 100% anisotropic mesophase. 
The napthalene pitch precursor is a coal tar derivative A good oven/iew of 
tnis material has been presented by Mochida et al., "Carbon Fibers From 




cccurs o^r,-5 tnerr^ai ovTolyS:S of certain aromatic nydrccarbons Suitable 
o^esopnase oitcr, orecursors oan inciuce cetroieu-^i, ccai tar o^ syrtretic 
o^ecurscrs As tre nycrccarcon :s heat treated m \rer\ gas. it corcenses to 
:arge planar mciecuies^ usuaiiy witn evolution of hycrogen These 
nnciecules .nnay have a molecuiar weight of 500-1 000 or more and a 
oart:Gn/hyd:'ogen "atio of about 1.5. As the molecules grow, they nucleate 
and grow a liquic c.n^'stas phase, ceiled the mescohase, wnicn appears as 
cc;ticai!y active spheres m an isotropic matrix. Figure 1 is a photograon of a 
pohsl^ed cross section through a solidified pitch after heat treatment to a 
cartiai mescohase: see Murdie et al., ^CarDon-Carbon Matrix Matenai's" , 
Carbon-Ca-Don Matena's and Composites . Noyes Publications. ParK Ridge, 
NJ, 1 5S3, cages 105-157. The iiquid crystal phase can be thought of as tne 
stacking of oianar molecules, as an intermediate step in forming grapmtic 
oiatelets. A 100% mesopnase matenal would consist entirely of this iiquia 
crystal material. 

During shear, as 'n fiber spinning, the mesophase crystals are 
aligned cy the shear strain That is. during the process of forming the ficer 
z-y extruGing tne material through a cie. the platelets are all aligned m rr.cre 
or ;ess tne same erection. This is illustrated Schematically in Figure 2. 

The present invention comprises the rationale that foam.ing causes 
Similar shear strains in resin and/or mesophase pitch precursors as those 
croduced curing extrusion through a die. Thus, the mesoohase m.atenal is 

.rz'-::^'-(}-: 3,.v 3. 5^^ec c^acn;::z5c.e structures 

v\'e '"-ave cem.onsfateo t.'~'3t t^. s ai.cf^m.s^^t occurs 3S 'Can -^e^''" ■■"^ 
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S~^3.jse ^--esoc^ase s cc' cai y ac::ve :t s ccssiole to see ir.e 
a-Z'^r^s^' 2z-3\rs arz'^r:: \re Duoc^^e ;^ -^e ^"c^'e Striations are seen 
n tre -.ccer e^t srr:^: .-^ F'^u^e 3 It car ce see^ '^crr. tre striations 'n tne 
struts oetween the pores tnat tnere is a Significant arr.cunt of orientation o^ 
10 the rresophase structure, giving f^ber-like microstructure. 
preparation of Mesopnase Pitch Poams 

Tc precsre oitch fcanr.s for ccmnnercial applications, it is expected 
that an extruder will be used. Extrusion systems for precaring thermcciasttc 
fcanns are we!i known. A typical extrusion systenn for preparing fcanns is 

15 snown in Figure 4 Cold pitch ts placed in a hopper 30, and the screw 32 
drives the material to the right. Through a combination of heating and 
shear, the polymer is melted. Next, the polymer is degassed, by puihng a 
vacuum at a port 34 on the barrel. Then, the extruder 28 pressurizes tne 
polymer, up to the injection port 36, Adjacent the injection port 36, inert gas 

20 such as nitrogen or carbon dicxtde is admitted at Dort 37 to the extruder 28 
at controlled pressure and flow rate, From this point forward, pressure is 
maintained high to prevent foaming inside extruder 28, The pitch/gas 
mixture is transferred to the cooling extruder 38 ^Atiere heat exchange 
systems extract heat as the pitch is transported toward the die. At the die 

25 exit or port 39, pressure is suddenly released, and foaming occurs. 
PressureAemperature cycle for foaming 

A typical pressurizatiorVdepressunzation cycle used for the resin and 
or pitch in an extruder have been simulated using a 1 gallon Parr autoclave, 
1 5-30 gram sam.ples of the resin were used without other additives. Design 
30 of experiment and trials in an extruder adapted for this purpose have been 
accomplished in order to obtain a gooa pore size and strut structure. 




tre ccc.ng cart of '^^e e'^^truce" ^":en :r.e ::re3s;^"e ;s releasee, as ti^cugn 
the pitch were exiting the die T-e scaks are r^iuch longer' than exoected for 
an e>:tr'jcer because there is no .-^ixing Tyctcal time m an extruder is the 
order of 10-20 rninutes. \vniie the lirr.e in the ajtoclave is of tne order of 
several hours 

The reason for this cycle is based on what is snown scnematically in 
Figure 5. Gas is dissolved at hign temperature, e.g. SOC^C. where 
dissolution kinetics are high, and the pitch is a liquid due to melting. Gas 
disso'ution lowers the viscosity and essentiaily melting is completed Then 

temoerature is lowered to about 265''C. where, under pressure, the 
viscosity ts st.i! 'ow The dissolved gas piasticizes the Ditcn. When tne 
pressure is released, the oiasticizing effect goes away. There is 
s;m,ui:aneous bubbling and '^eezmg of the structure 

Dunna tne initial high temcerature soak, tne pitch 'S allowed to s;t at 
1 atmosphere pressure, with a nitrogen purge before and/or after 
pressunzation. This is found to be necessary to allow volatile matter in the 
pito"" to escape. Otherwise, the volatile material acts as an uncontrolled 
C'cwi^a agent, ana nonuniform pore sizes are obtained. 

ft ^3S been discovered t'^.at Keeomg tne foam material warm. cet^//een 
arcrcxima:e!y 5G-120X. unt;i carDonization is important in order to crevent 
c:ac'}'.:ng of the foamed m,aterial. Althougn the foamed material will be bntt'e 

ahowed to cool below this range the m-atenal may stilt be utilized in the 
suoseauent orccess stecs disclosed herein. 
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20 



IscrrcDic tnermosetting 'zarr,s zsn prcc;'^cea cv a numoer of 
a-te'^ative -cao-ang prccesses, eg s^.nersa:urai.ori c gas, and crerr.icai 
i:::^/,^-"^ agents VVt:h tms azzczazz mere .3 no neec n:.r 3:ao;;iZ3tion. 

^ ^.■'■zar/on 

V;-en a roam :5 -aoe -^s- a :ne — ociast'C s^on as a n^esconase 
o::an. ^: nay oe necessany :o crossMnK :ne roam zy cx:aa:ion oe^ore .t c^n ce 
heated to carbonization terr,pe-atures. VVitnout tms oxidaiicn ( stabiiization) 
steo tne pitch may melt wnen it ^s neatec This croDiem is well Known 
Carocn f;bers made from p;tch are stabilized cy hearing in an air cxtcation 
oven Failure of the oxidation step ;s readiiy seen wnen tne foam bioats 
during the carbonization step. Use of soivated mesopnase pitches offer the 
DCtenuai of foaming at low tem:peratures followed by caroonization at htgn 
temperatures without the need for stabilization. 

One of the apparent difficuities with oxidation of a pitchi foam ts 
mak;na sure that the foam has a sufficiently open cellular structure to allow 
c>:^vGen to cenetrate alt of tne pores during the oxidation step. An exam^pie 
of tms kind of problem is illustrated in the following thermiogravimetric 
analysis, 

^wo pieces of pitch, foam, as blown, were prepared for 
tnerm.ogravimetric analysis. One sample was left as a piece of unmocified 
foam, and a second sample was ground in a mortar and pestle. They were 
heated at 5°C per minute to 170^0, and then held for 96 hours. The entire 
analysis was carried out in flowing air. Figure 7 illustrates differences in 
weiaht that provide clear evidence that there are many dosed pores in the 
first sample of whole foam. Dunng the oxidation, air is unable to penetrate 
tne pores, therefore, oxidation occurs much more slowly. By gnnding the 
material, all of the dosed porosity is opened, and oxygen in the air readily 
penetrates the matehal of the second sample. Of course, this analysis or 
exoenmental approach is not satisfactory for production, and a means is 
needed to obtain open porosity of the foam which can be readily oxidized. 
Materia! of essentially 100% ooen porosity can be ootained, e.g. as 
described m Bonzam, et al US Patent 4.276,246. However, efforts to 
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::Tec:'y C'cw 3 n^icrocellu ar foam \%'*n a n cn ':"a3:,:n ccen ::cr2Si:y :^ave 
^er.'^'a'iy 'aa to fcanns Ar^cn are !oo ,vear: 




n^ateriai. Tnus. some means cf ODen.ng tre cel'.s is re::u:re'::: 3^ ;2.aa>rg 
the pans tn a pressurized atmospnere, eitner of tv.'0 tr.ings may nappen 
The walls closing off the cells may oreak ccen due to nign Oiffereritiai 
pressure, or the partial pressure gradient fcr oxygen wiil be increased 

K) locally to increase the rate of diffusion of oxygen into ciosed-off areas. 

Thus, complete stabilization can be achieved in a shorter time. A general 
m.etnod for practicing this portion of the invention comprises placing a foam, 
preform produced from an isotropic or mesophase pitch tn an autociave 
filled with a nitrogen-oxygen mixture. The foam preform is suojected to one 

1 5 or more cycles of pressure up to 1 500 psi wniie heating to between 1 CO and 
20CX for up to 100 hours. During pressurization and heating, ceii walis of 
trie pitcn m.ateriai may be broken, and stabilization or crossiinking of the 
p;tcn miay oocur. it is foreseen that the fraction of oxygen in the mixture m.ay 
range from .002 to .2. 

:o As illustrated in Figure 8, a foamed sample 10 is encioseo in a 

pressure vessel 6, and the nitrogen-oxygen mixture 7 is admitted to the 
vessel through valve 8 regulated by pressure regulator 9. Pressure is 
monitored by a transducer 3 connected to a readout 21 of controller 20 
Tne vessel 6 is heated externally by a heater 4, and temperature is sensed 
by a tnermocoupie 1 1 and controlled by the programmiable controller 20. 
Pressure is relieved from vessel 6 via a vent 5. From this equipment, a 
process has been developed for opening the ceils of the foam material to 
allow access to air. A sample of foam Mitsubishi AR pitch, was heated to 

::"e5s^re ,vas released. Tnis foam 'Aas tnen cx.C'zec at 1 7C"C fcr r z^: - 
y ietoing a weight gam of 8.5% The foam ^Aas men csroonizec to 90C"C i-^ 
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e.:co^:C-e c^' :2:cat;rig. Tnus, tne a;sc!csec process y.eics a fcam acceptacie 
fc" s'^cse'Huent cens.fication. Several variations cf tne process n^iay oe 
^^-r:: C^^e .anat:on .iiust^atec scnernatioaiiy in FiO'-re 2), wouid be to 
0.^65 3^^ "ce n^e '.'esse I witn stancara a.r to 50-' 5C0 ns. for 1 .^.nute to 1 
^ ^':^0 'o.^e.e n^e [i-essure and tnen ra:no on to a temceraiore oerAeen 100 
ano OSO'^C The temperature v;ouid be held for up to 95 hours, then tne 
foam cooieo and removed. This variation seeks to use the pressure to creak 
tne oeii walls of the material, and tnen the application of temperature at one 
atn",osohere would provide the desired stabilization. Another variation, 
10 Figure 10, is similar to the variation illustrated in Figure 9, except tne 
temperature is raised first and then the pressure is increased. Another 
variation. Figure 1 1 , would be to initially pressurize to 150-1500 psi and 
hold the pressure for tne duration of the thermal cycle. The autoclave would 
be ramped to a temperature of between 100 and 250^C and held for S6 
15 hours, then the foam material cooled and removed. This variation would 

effect simultaneously both cell wall opening and increased oxygen pressure 
gradient. Tne variation of Figure 1 2 is similar to that of Figure 1 1 , except 
that the pressure is cycled. 

Because the diffusion of oxygen into, and oxidation products out of, 
20 the foam structure can be very difficult, alternative methods of stabilization 
may be used. The difficulty of air to flow in and out of a foam is precisely 
the reason foams are used for thermal insulation. This problem may be 
exacerbated by the thickness of the struts. While the ideal stnuts are 10-20 
microns thick, they may be as much as 100^m thick, compared to about 
25 10um thick for pitch fibers Thus, diffusion of oxygen into the struts, once ii 
IS within the foam, is more time consuming than for fibers of similar 
materials. Thus, two methods other than the above oxidative pressurization 
method are disclosed beiow. Each provides a means to enhance the flow of 
oxygen in, and reaction products out, of the foam preform during 
stabilization. 

Second Method 

The preforms are placed in a metal chamber capable of being neated 
to at least 300°C, while simultaneously being evacuated to less than 250 
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:crr Z 33 a:n^;C3C'neres i. By a:[ernaie;y e^vacLjat,rg anc aa^uting a;r 
i:e::'eteG sir a^.c reaction products are removed wi^n eacn cvc:e, acc fresh 
ai^ a::cec. ^^^.s tr^e ^eacfcn .s sceecec up area: y as tre cart ,s a.^a, s 
exccsec: to *'esn raactar^t. and r^e c:cc-.z\3 are re'-ovea. <n acccrcance 

^ ■ ^1^, / ■■ ^ .-^"^ a f ; r 2 p r ' C " ; p | 

An nrcn lung^ r^etnca :s sncwn scnen^at.ca-iy m Figure 13. Parts c" 
orefcrms 41 are stacKed in the vacuunn vessel 42, pre-'erably with SDa^cers 
Detween or on 'ndiv'duai screens. The preforms are neated to the 
stabilization temperature, which rr^ay range from 1 50^ to 300'^ C. Heating 

10 miay be either external or internal to the vessel. 

The entire cycle is envisioned to take less tnan 24 hours. During this 
timte, a vacuum pum.p is aiternateiy cycied on and off, extracting air and 
venting back through the port 42. The vessel is alternately pumped down to 
less than 250 torr, possibly as low as 1 torr, and then refilled with fresh air 

15 or other oxidizing gas up to 760 torr. One possible waveform for the 

pressure vs, time curve is shown in Figure 14. The pressure in the ahamioer 
is lowered 46, then raised 45, then held 44 near one atmosphere. Nominal 
times for the pum.pdown and refiii are of the order of 20 seconds each, w;:n 
the hold 44 being aoout 5 minutes. This is not meant to exclude step 

20 functions, exponential, sinusoidal, or other waveforms. The maximum 
frequency is limited only by the pumping capaaty, but we envision a 
reasonable range of frequencies to range from 1/minute to 1/hour. For eacn 
system tnere is an cptimum frequency, depending upon part size, vessel 
size, ch.oice of m.ateriat, reaction rate, temperature, caoitai and utility costs 
Pan weignt increases, acccroing to the oxiaation curve 45, to an opiimai 
value around 8%. 

An iHustration of the comparison of weight pickuD between the "iron 
lung" device and an air circulating (Blue M) oven, both operating at 240^C is 



arge enclosure w :S ::eiievoa trat wnen tn:s r~etr^cc ,s scaled up to 
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5jcn mat [re need for extracting reacucn crooucts anc suoc'yn'^ ^eactive 
^■3S W'll De necessary 
7n/rc/ .'^'erAioc/ 

An aite:'native netnco :c 3cn;eve tne sanne sc^ect:,e vvO^ic ce to 
mccnt i^e oarts or o^eforms in a tL^rnace such tnat there is a nign t'cv cf cas 
:nro'^g:i the pan. in tn;s .Tiernod nne wind runnel n^.etncc), tne oans are 
stacked in a container wnicn has a pressure gradient. A.r and/or oxidizing 
gas iS ad.Tdttea at one end. as well as at poas along tne siae. whiie 
simultaneously one or nnore vacuum pumps draw on the other end, creating 

10 a pressure gradient across the entire stack of pans. Tnis achieves the 

desired objective by insuring reacting gas gets to the surface, and reaction 
products are removed simultaneously. The wind tunnel metnod is shown 
schematically in Figure 16. Air or other oxidizing gas is admitted at one end 
50. This gas may also be admitted along the sides 53, The preforms 51 are 

15 supported periodically by screens, which are not shown. The pressure drop 
across the vessel is achieved by crawing continuously with a mgn rate 
vacuum pump 52. The preform weight gam 54 is shown schematically m 
Figure 17. 

Both methods couid incorporate an internal scale to measure weight 
20 pickup, to provide a feedback variable which would incicate when the 

stabilization is substantially complete. We believe that both methods will 
accomplish the desired goals. The iron lung method may be easier to 
implement and operate from a manufacturing point of view, while the wind 
tunnel method is expected to be faster. Such cartx)naceous foam m.aterials 
25 may be densified subsequently with carbons, or other filler materials, to be 
used as thermal management materials, structural materials, or friction 
materials in automotive or aerospace applications. 

Using a solvated mesophase pitch, a foam preform can be produced 
by the miethods outliried above. Once removed, the "solvent" fraction of the 
ao- mesophase ensures that the mesophase pitch has a higher softening point 
than the onset temperature of carbonization. Thus, the mesophase 
cart)onizes before it can soften, tnereby etimiinatmg the requirement for 
stabilization. 



zeneral'.y .veil known to tncs9 s- ^'ec .n :re an, Yr.e stacii.zed pclymer is 
neated ;n a retort under inert ^educmg conditions until tne hvaroaen and 
oxygen in the moiecuiar structure nas oeen onven ct^' Typicatiy, this 
process ts performed by burying tne foarri preforms in a bed of activated 
carbon, enciosed in a superaNoy retort with a sand seal. The retort is 
purged gently with nitrogen for approximately 1 hour, to accomplish several 
changes of the enclosed air. Then it is heated to 900°C in 10-20 hours, and 
thence to 1050°C in 1-2 hours. The retort is held at 1050°C for 3-6 hours, 
then allowed to cool overnight. Carbonization can be carried nut up to 
ISOC^C, however, the amount of additional hydrogen and oxygen removed 
during this treatment is expected to be small. 
Heat treatment 

If it is desired to modify the mechanical, thermal, and chemical 
properties of the carbon in the struts, the preforms may be heat treated in 
the range of 1600^ to 2800°C. The effect of such a treatment on 
graphitizable materials is well known. Higher temperatures increase the 
degree of order in the material, as measured by such analytical techniques 
as x-ray diffraction or Raman spectroscopy. Higher temperatures also 
increase the thermal conductivity of the carbon in the struts, as well as the 
elastic modulus. However, higher temperatures may also tend to decrease 
the strength somewhat. 

The process of heat treatment of these materials is very similar to 
that used for carbonization. The preforms are again buried in activated 
carbon, to prevent oxidation of the high surface area foam. A carbon retort 
is used, since superalloys are not suitable for the high temperatures found 
in heat treatment. A continuous purge of nitrogen is typically used outside 
of the retort In this process, we inductivelv heat a araohite susceotor which 

at the rate of SC^/hour uo to 1 100'C is recorrmenaed to miirimize thermal 

5 n 0 C k C ^ ^ ^ e P a rt T h ^ H ^ * - r-. * o ^r.-^-^. ^ ^ ^'C- n ♦ ^ * ;^ - L * ^ ^ .-. — * [ - .-^ 
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■Densificetion 

The methods for denstfying a carbon preform are well known to t-^-cse 
e>per;enced m the fabrication cf caroon-carbon composites. The most 
cbvious techniques are chem.icai vapor deposition (CVD) of oarDcn. aiso 
10 Known as chemical vapor infiltration (CVl), ana pitch impregnation foiiowed 
by carbonization. A combination of these techniques are also used. 
Multipie cycles of densification are almiOSt always required. 

In a CVD/CVI process, the carbonized, ana optionally heat treated 
foam preforms are heated in a retort under the cover of inert gas, tyoicai^y at 
15 a pressure below 100 torr. When the parts reach a temperature of 900^' to 
1200^0, the inert gas is replaced with a carbon-bearing gas such as 
methane, ethane, propane, butane, oropytene. or acetylene, or 
combinations of these gases. While the preforms are held in this 
environm.ent, the carbon-bearing gases decomipose. depositing carbon cn 
20 the preforms, and releasing hydrogen to the furnace exhaust. Depending 
upon the pressure, temperature, and gas composition, the crystallographio 
structure and order of the deposited carbon can be controlled, yielding 
anything from an isotropic carbon to a highly anisotropic, ordered cartoon. 

A whole family of processes utilizing pitch impregnation are well Known. 
25 Vacuum Pressure Infiltration (^VPT) is a method of choice for initiahy im.cregrat.-g 
the pitch into the preform. The preform is heated under inert conditions to vve^i 
above the melting point of the im.pregnating pttcn. Then, the gas in tne cores iS 
removed by evacuating the preform. Finally, m.oiten pitch ts allowed to ^einfiitrate 
the pan, as the overall pressure is returned to one atmosphere or above, Tyc-ca ■ 
30 on large scale operations, such as is earned out oy FMI (Biddeford, ME), tne ctc:^. 
is heated in a separate vessel, from the preform. When it is time to mCitrate t-e 
pitcn IS transferred by a closed pipe from the pitch reservoir to the vessel 
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:-ossL.'e - r-5:Greo r-r r3r;:e cf 1 - 1C0 a:rT:c3cne^e5 Tne orefom can ce 
s:jc :^ea^er-^: v cco.ec t^:^ ca:':::cn;zat!on step can ce continued witnout delay 
Anct^e:^ netncc for in:;itrating prefornns w,:n citcn is assyrr.etriC oitcn 
0 miecticn. In tnis process, a preforiTi ;s infiltrated by flowing pitch tnrcugh the can 'n 
a pressure gradient. When sufficient pitch has been absorbed, tne process 'S 
haited, 

Carccnization of the infiitrated pitch can be carried out either in a furnace, a 
hot iscstatiC press (HiP)^ an a'^toclave, cr in a un.axiai hot press, in eacn c' 
5 tnese teonniques, the in^ipregnated paa is heated to the range cf cOC *o 
wnile m3inta'ning an inent atir.osphere in the pressure range o' 1 to 1C-CG 
atmospheres. The higher tne pressure, the higher the careen yield acnievec, 
although the biggest gams in carbon yield are achieved at moderate pressures, up 
to 5000 est, 
0 Heat treatment 

An intermediate or final heat treatment to the preforms is usuaiiy appued to 
modify the crystal structure and order of the carbon. This prooess is typicaily veny 
similar to the heat treatment cf the foam, described above. 
Ftrai mactiimnq 

Fmaiiy, tne material ts macnined to tne usable snape or a friction 
material cr other structural component. An oxidation protection ooating or 
treatment can be applied if cesired. 



,vas oiacec ,n an u ^^'^ n^m *Cm ocat m tne octtom cf a ^ gaiion stee: 
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/.as ^e::: fc^ 4 -::^-s at 29C C. a^d tr-e-^ f^e c^essu^e was raoidiy 
^-eheve^ ^re vesse; 'Aas tr^en ccc ea eve:" a ce^iod 5 hoj^s to roorn 
:eT^oeraiure The oressure / te.niDerature cycie is shown \n Figure 18 This 

\r 'cam cre^'orm haa an ocen porcs;ty of apc:TOXi,Tiateiy 82%. and an average 
core size of 300-350 urn 

The foam preform was then stabilized by nesting in air :n a Blue-M air 
Oircuiatmg oven. The oreform was slowly heated to 24C^C (in about 10 
ncurs), and tnen held for 95 hours at 240= with air circulation The preform 

15 was the-^ s'cw'y cooied to room temoerature_ 

Tne foam preform was then carbonized m a Hupoert char furnace 
v/ith a superalloy retort, using a sand seal, with the preform resting on a bed 
of activated carbon. The preform was carbonized in an inert atmosphere by 
heating as follows: The retort was purged gently with nitrogen for 

20 approximately 1 hour, to accomplish several changes of the enclosed air. 
Then, with the purge turned off, it was heated to 900''C in 15 hours, and 
thence to 1050°C in 1.5 hours. The retort was held at lOSO^'C for 4 hours, 
then allowed to cool overnight. 

The foam preform was then densified with commercially available 

25 AiliedSignal ISV pitch using 4 cycles comorising a combined VPI ("Vacuum 
Pressure Infiltration) and PIC ("Pressure Impregnation Carbonization) 
process, as follows. The part was heated to 250°C while immersed in pitch. 
The vessel was evacuated to less than 100 torr. Then the vessel was 
pressurized to 1600 psi. and the part cooled under pressure. The fina! 

30* pressure at room temperature was 1 100 osi. After inspection, the vessel 
was repressurized to 700 psi. The vessel was heated to approximately 
SOO^C. During that time, the pressure reached about 2100 psi. The 
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■\' . ^^-^^'.^ z :z :es5 ^. ZZ ''■^r'" ^eiress z-^:: ' ZZC csi Pressure 
/.-iS -,e2 refore "coi/^^ ^ : r-::So -^srec: cn ar^a Cisamng of 

t^e \es3ei :re oaa v.as ^ec:3c^z :n !:*e cessure .esse; ana tne vessel 
n^ess j^ize:: :e 7C0 f:s: Tre ^esse; was -^ea'ec :c a ce3< ter^oerature cf 
605^0 anc 'ne pressure increased to ■35C ps, Tne vessel was cooled 
un-je^ cressure, and tne pa:^. ^emcved. Tne can 'A'as cnce again charred by 
heating to 1C50"C under nitrogen. 

The pant was reimoregnated a third tme. again by heating to 250°C, 
evacuating, and repressunzing to 15Q0 psi FoHowing this, the pant was 
cnarred unaer pressure to SOO^C and 1960 psi. and coded under pressure. 
Fma'lv -he cant was charreo unce" inert ccnc;t'cns, neat^ng to 1C50'C in 

At :n;5 ooint. experir^enta! aynarrorrieter d:sks v/ere rr^acnined fronn 
:necart A ca;^ cf r^ngs were rr^achmed 2. ^ S3" O D. 13:^5" ID. by 0.27" 
:hick 

A founh impregnation and carbonization was pehcrmed. Again, the 
rings were heated in powdered 15V pitchi to 250''C. The vessel was 
evacuated, then reoressunzed to 1500 psi The vessel was cooled under 
cressure The pressurized carocnization was penfcmned as before, first 
cressur zi^g to 700 psi. then heating to OOO'^C. allowing the pressure to rise 
tc accut '.900 psi The vessel was oooled under pressure* The rings were 
cnarred, neating to 1050^C unaer inert conditions. 

The part density through the above dens:ficat;on process is shown in 
P'cu^^ -I - ^ ^^^^^.f,^ ^ 4 .-.'"c was orcduced and ^s sufficent to 
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ora-.e ei^ecri veress ;fricticn ccefficieni) curing :n:s :est .releasee from an 
r.tiai /3:L.e cf accroxima'ely 0 1 to a st2bi:,zea value of aocut 0 25 The 
^'-eat: , a^es3 :s r^.ctted ;n Figure 20 T".e ::r--: :es5 an:: exaer'rrental par:3 
^erT^anstra'e Cieariy ine capaoiiity :n\s rr,arer;al to pencrm as a function 
^ f-a:er;a; as confirmed by the tests and cnaractencs tne nnatenai. VVitn 
adcit-onal catimization of the orocess. m^s ^r. z:\on r^atenai ana its 
penfcrrr.ance can oe improved. 

The tc^cue performance cf tnis excer;mentai fr;ct;on m.atena! has 
miany cesiraoie characteristics. A typical tcrcue cur\'e of the friction 
10 material durmg a braking stop is snov/n m Figure 21 v/hicn also ii:ustrates 

tne pressure and velocity curves. The torque curve is smooth, and declines 
gently at the end of the stop. !n current conventionai materials^ frequently 
the torque cur^e increases at the end of the stop, leading typically to 
undesirable increased noise and vibration, 

15 

The wear for this friction miatenal was measured ana iS listed below. 

Value Units 
Average v/eight loss .036 gramis/surface/stop 

Average linear wear .Q0C^45 incties/sunace/stop 

The process and friction material of the invention disclosed herein, comprising a 
foam preform densified by any one or combination of several densiftcation 
20 processes, clearly has significant potential for use in braking and clutch 
assemblies of numerous applications. 
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>?n5,^/ -g :he p'-eform -.-itn carbcr-acecLS matefal to orovioe tne -3- 
~'Z-Tczs.:e material. 

2. The process m accordance witn C'aim 1, further ccrr^cr sir: 
cf making the foam orefcrm from a mescphase pitch. 

3. The process m accordance with Claim 1, ./^herein the foam prefcam 
one of a graphitizable and a nongraphitizable foam material. 

- ... ^cj, ,>,c vvuii v-iditii I , runner comprising tne step 

of carbonizing the preform prior to densification. 

5. The process in accordance with Claim 4, further comprising the step 
of oxygen stabilizing the preform prior to carbonization. 

6. The process in accordance with Claim 1, wherein the step of 
densifymg comprises one of CVD, HIP, PIC, VPI, pitch and resm injection, ana 
any combination thereof. 

7. The process in accordance with Claim 1, wherein the cei:s have an 
average pore size of less than 500Lim. 

S. A carbon-carbon composite material maae in accordance wiih Cia m ' 
9. A carbon-carbon composite material, com.prising a cellular, graoh t:.:--: 

supporting structure surrounded by densified carbonaceous material 

' - ihe carbcn-carbcn comoosite m.atenai n accordance .: Z ' -- •- ■• 

.■."';re'" -no carbon-carbon oom.ccsite "atenai -.omcrises ads- 

0 m K e 

1 1 . A process of manufacturing a friction mater:ai, co.mcnsmg r,-,e .-.ecs 
c^ prov-aing an open-ceiled carbon foam preform, and oensifymg the cr-ofor- 
•v.tn oa-ccnaceous material to provide the ^'notion material. 



g tne profcm or c to 0 arcc 1 z at ic n . 



V\0 98/27023 



PCT/rS97/22741 



1 4. The process in accordance with Claim 1 1 , -.vherein the step of 
densifying comorises one of CVD, HIP, P'C. VPK pitch and resin injecttcn, ana 
any c orr.btnation thereof. 

1 5. A friction material made in accordance with Claim 1 i . 

1 6. A process of foaming a carbonaceous pitch matenai to orov;ae a 
reticulated foam with an average pore size of less than 500um, comprising the 
steps of increasing the temperature to approximately 10-50°C above the 
softening point of the material and subsequently increasing the pressure to at 
least approximately 500 psi, holding the approximate temperature and pressure 
for a period of time, and releasing the pressure so that the pitch materia! foams 
to produce a carbonaceous, open-ceiled foam material with an average pore size 
of (ess than 500f^m. 

17. The process in accordance with Claim 16, further comprising the 
step of purging with nitrogen during one of before and after the pressurization 
step. 

18. The process in accordance with Claim 16, further comprising the step 
of purging with nitrogen before and after the pressurization step. 

19. The process in accordance with Claim 16, further comprising the step 
of keeoing the carbonaceous, open-celled foam material warm until the foam 
material is carbonized. 

20. A process of stabilizing a carbonaceous pitch material for suosequent 
high temperature heating, comprising the steps of increasing the oressure to tre 
range of approximately 1 50-1 500 psi and the temperature to the range of 
approximately 100-300''C in an oxygen containing atmosphere, holding at east 
one of the pressure and temperature approximately constant for a period of time, 
and then decreasing the pressure and temperature. 

21 . The process in accordance with Claim 20, wherein the pressure ana 
temperature are both increased, held, and decreased at approximately similar 
times. 

22. The process in accordance with Claim 20, wherein the pitch nnatenai 
ts heated to and held in the temperature range for approximately one hour, and 
then pressurized to and held in the pressure range for approximately one hour. 
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23. The process in accordance with Claim 20, wherein the carconacec^ 
pitch material comprises a foam material kept warm withtn the temperature 
range of approximatety 60-1 20''C. 

24. A process for oxygen stabilization of a carbonaceous pitch-basea 
foam, comprising the steps of placing the foam in an enclosure, heating tne 
foam to a temperature within the range of approximately 1 50-300=^0, 
periodically extracting an oxygen containing gas from the enclosure, and 
readmitting oxygen containing gas to the enclosure, to maintain a fresh supply 
of reactive oxygen containing gas within the enclosure. 

25. A process for oxygen stabilization of a oarhnn;^nonus pitch- 
based foam, comprising the steps of placing the foam in an enclosure, 
heating the foam to a temperature within the range of approximatety 1 50- 
300''C, admitting an oxygen containing gas at one end of the enclosure 
while simultaneously removing oxygen containing gas at another end of 
the enclosure, to create a pressure differential across the foam and 
maintain a fresh supply of the oxygen containing gas in the enclosure. 
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